Phylogenetic species trees typically represent the speciation history as a bifurcating tree. Speciation events that simultaneously create more than two descendants, thereby creating polytomies, are rare but not impossible. In this short note, we describe a statistical test that can be used to reject the null hypothesis that a node in an unrooted species tree is a true polytomy. The test exploits properties of the multi-species coalescent model and is implemented in ASTRAL.
Consider an unrooted tree on a quartet of taxa, a, b, c, and d, where a and b are closer to each other than c, and d (i.e. the topology ab cd). Under the Multi Species Coalescent (MSC) model (Rannala, 2003) and in the absence of any gene tree error, the frequency of seeing each topology in gene trees follows a multinomial distribution, with probabilities of p 1 = 1 − 2 3 e −x for the main topology and p 2 = p 3 = 1 3 e −x for the alternative ones (Allman et al., 2011) . In these equations, x is the internal branch length separating species a, and b from c and d.
For a polytomy over a quartet of taxa, the branch length x = 0, and all topologies are expected to be equally likely with p 1 = p 2 = p 3 = 1 3 . To test (reject) if the quartet of taxa formed a polytomy, we observe that empirical distributions of quartet frequencies will follow a multinomial distribution. Thus, we can use a Pearson's goodness-of-fit statistical test by noting that
is asymptotically χ 2 distributed with 2 degree of freedom for large enough n (Read and Cressie, 2012; Zar, 2007) . Here n 1 , n 2 , and n 3 are the frequency of observing gene tree quartet topologies ab cd, ac bd, and ad bc, respectively, and n = n 1 + n 2 + n 3 . Note that χ 2 approximation for three equiprobable outcomes is applicable when n ≥ 10 ( Koehler and Larntz, 1980; Read and Cressie, 2012; Zar, 2007) , and for smaller n's an exact calculation of the critical value is required (Read and Cressie, 2012) . With more than 4 species, every internal branch of the tree divides the tree into four parts (i.e. clusters), and defines a quadripartition with three possible topologies. Assuming that (i) the only source of incongruence between the species tree and gene trees is ILS (Degnan and Rosenberg, 2006; Maddison, 1997) , (ii) there is no gene tree error, and (iii) all four clusters around the internal branch are correct, we can apply results of Allman et al. (2011) to quadripartitions around the internal branches (Sayyari and Mirarab, 2016) . Consequently, we can apply the χ 2 goodness-of-fit statistical test to a quadripartition. Therefore, n i values can be simply replaced by the average value computed from all quartets of taxa such that each taxon belongs to one side of the quadripartition.
This statistical test is implemented inside the ASTRAL package since version 4.11.2 available online at https://github.com/smirarab/ASTRAL, and can be applied using the option -t 10 (Mirarab and Warnow, 2015) . Zar, J. H. 2007 . Biostatistical Analysis.
